The present study describes in primates the effects of a spinal cord injury on the number and size of the neurons in the magnocellular part of the red nucleus (RNm), the origin of the rubrospinal tract, and evaluates whether a neutralization of Nogo-A reduces the lesionedinduced degenerative processes observed in RNm. Two groups of monkeys were subjected to unilateral section of the spinal cord affecting the rubrospinal tract; one group was subsequently treated with an antibody neutralizing Nogo-A; the second group received a control antibody. Intact animals were also included in the study. Counting neurons stained with a monoclonal antibody recognizing non-phosphorylated epitopes on neurofilaments 
Introduction
The effects of spinal cord injury on directly connected supraspinal structures like the magnocellular part of the red nucleus (RNm) are poorly known in primates. In the rat, after a spinal cord lesion at cervical levels, axotomized reticulospinal (RS) neurons shrink and display modification in the expression of various molecules (Egan et al., 1977; Kwon et al., 2002 Kwon et al., , 2004 Novikova et al., 2000; Tetzlaff et al., 1991) . In this species, the RNm regains a normal aspect if brain derived neurotrophic factor (BDNF) is provided (Kwon et al., 2002; Liu et al., 1999; Novikova et al., 2000) . Because neurotrophic substances are uptaken at synapses, the amount of neurotrophic factors accessible to a neuron relates ultimately to the number of synapses that this neuron possesses. Increasing this number may therefore contribute to protect a neuron from the degenerative processes triggered by axotomy.
In the monkey, a unilateral section of the dorsolateral funiculus at cervical levels provoked shrinkage of the axotomized corticospinal (CS) neurons and alteration of their expression of non-phosphorylated neurofilaments, but did not conduct to measurable cell death . For the same lesion, the treatment with an antibody neutralizing the neurite growth inhibitor Nogo-A induced sprouting of CS axons (Freund et al., , 2007 . In parallel to these morphological changes, the antiNogo-A treatment also enhanced functional recovery . In monkey, an interruption of the RS tract induced degenerative changes in the RNm (Padel et al., 1981) . As the neutralization of Nogo-A in rodents promotes regeneration of CS and sprouting of RS fibres (Raineteau et al., 2002) , this treatment could have the same effect in primate. In this case, the improved access to neurotrophic substances may lead to a reduction of the lesion induced degenerative changes in the RNm. The present investigation aims at examining this issue by comparing the number and size of neurons in both RNm in monkeys subjected to a unilateral lesion of the cervical spinal cord and in intact monkeys. Moreover, the effects of a treatment with an antibody neutralizing Nogo-A on RNm neurons will be assessed.
Results

Location and extent of the cervical lesion
The RS tract is a crossed pathway that runs in the dorsolateral funiculus partially overlapping the lateral corticospinal tract and extending somewhat ventrally. As a consequence of this overlap, the CS and RS tracts cannot easily be segregated on a coronal section of the spinal cord. The extent and the location Freund et al., 2006 for the lesioned animals)
At the time of the experiment, the monkeys had different names, not indicating whether the animal was infused with the control or the anti-Nogo-A antibody or was an intact animal. New names were assigned to the monkeys during the writing of the manuscript to improve its readability, in consistency with Freund et al. (2006) . Under species, "mul." is for macaca mulatta while "fasc." is for macaca fascicularis. The seven anti-Nogo-A antibody treated monkeys are in the seven leftmost columns ("Anti-Nogo-A") with indication of which of the 2 antibodies was used (mAb 11C7 or mAb hNogo-A), whereas the four control antibody treated monkeys ("Contr.") are in the next four columns. The four intact monkeys are in the four rightmost columns. Proportion of hemi-section extent was calculated as the percentage of corresponding hemicord affected by the lesion on the frontal reconstruction of the cervical cord.
To tentatively determine more precisely the extent of the lesion affecting the RS and CS tracts, the lateral funiculus in the white matter was outlined going from the dorsal to the ventral rootlet zone. This was indicated as lateral funiculus lesion extent. Functional recovery was assessed here for manual dexterity based on the "modified Brinkman board" task (see Freund et al., 2006) , by giving in percent the ratio of the post-lesion score to the pre-lesion score.
In the row "Completeness of RS section", "No" and "Yes" indicate whether the RS transection was considered as partial or as complete, respectively (for further explanation see text). Survival time: number of days separating the cervical cord lesion and the sacrifice of the animal. Age of the animal at sacrifice: for five animals the age was not precisely determined when they were received in our animal facility. Thus, their calculated age at sacrifice is the estimation according to the age attributed at arrival in the animal facility (∼). ⁎In this animal the proportion of hemisection extent and consequently also the RS and CS extent could not be determined for technical reasons (poor quality of histology). In addition, in this same animal the lesion was too caudal and thus the 100% functional recovery cannot be interpreted.
Table 1 -List of cervical cord lesioned and intact monkeys included in the present study with identification code (same as in Freund et al., 2006 for the lesioned animals)
of the cervical cord hemi-section are shown in Fig. 1 for 10 of the 11 lesioned monkeys. The total extent of the lesion is given in Table 1 (percentage of hemi-section). To tentatively determine more specifically the extent of the lesion affecting the territory comprising the RS and CS tracts we considered only the lateral funiculus, i.e. the white matter going from the dorsal to the ventral rootlet zone (dashed lines in Fig. 1 ). A lesion extent was thus recalculated reflecting more accurately Fig. 2 -A-D: Photomicrographs of SMI-32 stained frontal sections of the RNm. In panel A the RNm of an intact animal (Mk-IR) is shown. Note the proximity of the RNm with the roots of the oculomotor nerve (large arrows). Large and darkly positive SMI-32 neurons (thin arrows point to a few of them) are loosely packed and are arranged to form a round shaped nucleus. At higher magnification (panel B), neurons show a multipolar shape with several dendritic processes. The neuron in the image has a clearly visible nucleus, which was the criterion to be included in the morphometric analysis (cell count and somatic size). Panels C and D show the RNm on the ipsi-and contralesional side respectively of a representative animal subjected to a unilateral spinal cord lesion (Mk-CS). Both sides appear less intensively stained if compared to panel A, reflecting individual and methodological variability. In panel D (contralesional RNm) the number of SMI-32 positive cells appears lower than in panel C (ipsilesional RNm). In addition, the intensity of staining appears also reduced in panel D as compared to panel C and A. E-F: Photomicrographs of Nissl stained sections of the RNm adjacent to sections displayed in C and D, respectively. Arrows in C and E and in D and F respectively indicate the same blood vessels. Similarly to SMI-32 staining, the number of cell bodies appears lower in panel F than in panel E. Scale bar in A (same for C, D, E, F): 1 mm. Scale bar in B: 100 μm.
Table 2 -Summary of differences in cell number and somatic size in RNm on each side in the monkeys included in the present study
As in Table 1 , the seven anti-Nogo-A antibody treated monkeys are in the seven leftmost columns ("Anti-Nogo-A") with indication of which of the 2 antibodies was used (mAb11C7 or mAb hNogoA), whereas the four control antibody treated monkeys ("Contr.") are in the next four columns. The four intact monkeys are in the four rightmost columns. In lesioned animals the term "contralesional" indicates the RNm opposite to the spinal cord hemisection, whereas "ipsilesional" the RNm situated on the same side of the cervical cord section. In intact animals the contralesional RNm is to be intended as on the right side and the ipsilesional as on the left side. In Mk-AF and Mk-CS the number of cells in parentheses indicates the number of cells counted in adjacent Nissl stained sections. ⁎In this animal the total lesion extent and consequently also the RS and CS extent could not be determined for technical reasons (poor histological quality).
Table 2 -Summary of differences in cell number and somatic size in RNm on each side in the monkeys included in the present study the portion of CS and RS tracts affected by the lesion (Table 1: lateral funiculus lesion extent in %). In five of the 11 lesioned monkeys, the section of the lateral funiculus between the dorsal and the ventral rootlets reached 100% of the territory and thus the lesion of the RS tract was considered as complete in these animals (asterisks in Fig. 1 ). In two animals (Mk-CS and Mk-CB), the lesion covered more than 87% of the lateral funiculus and the territory spared by the lesion was situated most laterally ( Fig. 1) , a territory normally not occupied by the RS tract. These two monkeys were thus considered as subjected to nearly complete transection of the RS tract (asterisk in parentheses in Fig. 1 ). In contrast, in three monkeys, the lesion extent in the lateral funiculus was below 75% (open circles in Fig. 1) , and therefore the lesion of the RS tract was considered incomplete. Particularly, in Mk-AS the extent of the lesioned lateral funiculus was below 50%.
The number of SMI-32 positive neurons in the contralesional RNm is reduced in lesioned animals
The RNm is located in the ventral part of the midbrain. On coronal sections stained for SMI-32, RNm was easily identified by its large and strongly stained neurons, its ovoid shape and its vicinity to the roots of the oculomotor nerve ( Fig. 2A) . The RNm was clearly distinguished from the parvocellular part of the RN (RNp) which was situated more rostrally, containing smaller, more densely packed and more faintly SMI-32 stained cells (not shown). On Nissl-stained sections adjacent to the SMI-32 labelled ones, large neurons were also visible at low magnification and their number and distribution appeared comparable to the SMI-32 pattern of distribution . This observation was confirmed quantitatively in two monkeys (Mk-AF and Mk-CS) by counting the cell nuclei in adjacent sections of the RNm stained respectively for SMI-32 and Nissl (numbers between parentheses in Table 2 ). For the other animals, as the contour of SMI-32 stained neurons was easier to define than that of Nissl stained cells, we conducted our analysis on SMI-32 stained sections. At first sight, in animals subjected to the cervical lesion, the contralesional RNm exhibited a reduction of the number of SMI-32 positive neurons as compared to the ipsilesional side (Figs. 2C-D) ; neurons might have degenerated or shrunken and/or reduced their expression of non-phosphorylated neurofilaments, thus loosing their strong SMI-32 staining . Indeed, faintly stained RNm neurons were visible on the contralesional side at high magnification (400×). RNm neurons were counted on both sides and their somatic cross-sectional area was measured on sections spaced 400 μm apart along the entire rostro-caudal extent of the RNm, only considering SMI-32 labelled cell bodies with a visible nucleus (Fig. 2B ). As the number of sections labelled with SMI-32 antibody and including the RNm was relatively low for each animal (6 to 9), the number of cells counted in each RNm was fairly small (Fig 3A) , ranging from 39 neurons (Mk-CB contra) to 174 neurons (Mk-IR right). Indeed, the estimated number of neurons was variable across animals irrespective of the lesion and/or treatment with anti-Nogo-A or control antibodies (Table 2 ). This variability was best reflected by the RNm cell numbers on each side in the four intact animals ( Table 2 , rightmost four columns), in which a relative difference in cell number between the two RNm reached up to 25.8% (Fig. 3A) , though not statistically significant. In the 11 monkeys subjected to the cervical lesion, there was a systematic lower number of RNm neurons contralesionally. In three monkeys the difference was statistically significant (Fig. 3A , p < 0.05) whereas the difference did not reach significance level in seven monkeys (0.05 < p ≤ 0.1). The least significant difference was found in the monkey (Mk-CG) subjected to an incomplete transection of the RS tract (Fig. 1 , open circle). In Mk-AS the difference could not be statistically evaluated (see Experimental procedures). To assess further the impact of the lesion, the cell number difference was expressed in percentage between the RNm on both sides for each animal ( Fig. 3B and Table 2 ). For animals with complete or nearly complete lesion of the RS/CS tracts territory (asterisks in Fig. 1 ), the percentage difference of SMI-32 positive RNm neurons between the two sides ranged from −29.0% to −52.4% (Figs. 3B and C). In contrast, intact monkeys showed a cell number difference between the two RNm, ranging from − 3.3% to 25.8%, figures which could be considered as indicative of the interindividual and intrinsic methodological variability. Interestingly, Mk-AF, which had a relatively restricted lesion extent (73.4%), exhibited a high cell number difference between the two RNm (−48.7%). On the other hand Mk-CG, which had also an incomplete lesion comparable to Mk-AF, showed a relatively lower cell number difference (−37.1%, not significant, see above), although still higher than the values found in intact monkeys. In these two latter monkeys the extent of the lesion in percentage was similar; however when the territory of the lateral funiculus lesioned was considered it appeared that in Mk-AF the part of the lesion going ventro-laterally was coherent with a bigger impact on the RS tract than in Mk-CG (arrows in Fig. 1 ). Finally in Mk-AS, which had a highly incomplete lesion (below 50%) sparing a large part of the territory occupied by the RS tract ( Fig. 1) , the cell number difference was accordingly comparable to values observed in intact animals.
In the lesioned monkeys, no obvious relationship was found between these values of RNm neurons and the fact that some animals were treated with an anti-Nogo-A antibody whereas other animals received a control antibody (Fig. 3C ). To statistically evaluate this observation, we compared the values of cell number difference between the RNm on the two sides expressed in percentage among the three groups of animals (Group 1, red in Fig. 3B : lesioned, anti-Nogo-A antibody treated animals; Group 2, blue: lesioned, control antibody treated animals; Group 3, green: intact animals) using the non-parametric Mann and Whitney test. The comparison values between groups 1 and 2 were not statistically significant (p > 0.05), confirming thus the observation that the anti-Nogo-A antibody treatment did not prevent a reduction of the number of large SMI-32 positive RNm neurons contralesionally. On the other hand, as compared to intact animals (group 3), the difference in large SMI-32 positive cell number between the two RNm was statistically significant ( p < 0.05) in the two groups of lesioned monkeys (Fig. 3B ).
2.3.
Do the SMI-32 positive RNm neurons shrink?
As mentioned above, shrinkage of RNm neurons as consequence of the cervical hemisection has also to be considered. To address this issue, we calculated the somatic cross-sectional area of the RNm neurons that were included in the cell counting ( (Fig. 4C ).
The percentage difference between the median values of the cross-sectional somatic areas on each RNm for each animal was calculated and the values plotted against the extent of the lateral funiculus lesion (Fig. 4D) . In intact animals, the difference of the median area between the two RNm ranged from 1.1% to −9.4%. Once more these figures reflect the normal individual and methodological variability. In contrast, all animals subjected to a cervical cord hemisection exhibited a significant shrinkage of the RNm neurons contralesionally, with a difference between the two sides ranging from −13.6% to −36.7%, not overlapping with the range found for intact monkeys (Fig. 4D ).
Discussion
In the present investigation we have shown that unilateral cervical cord injury interrupting RS axons also affects the neurons of origin in the contralesional RNm. Although the majority of RS neurons in the contralesional RNm clearly survived to axotomy, there was a significant reduction of the number of SMI-32 positive neurons. In addition, these neurons showed a significant shrinkage of their soma. Finally, our results indicate that treatment with an antiNogo-A antibody, applied at the level of the spinal cord lesion, did not reduce the decrease of the number of SMI-32 positive neurons counted in the contralesional RNm or their soma shrinkage.
Lesion extent
In primates both the lateral CS and the RS tracts are found in the lateral funiculus of the spinal cord and influence mostly the distal but also the proximal muscles of the forelimb (Belhaj-Saïf and Cheney, 2000; Belhaj-Saïf et al., 1998) . In particular, though in primates the RS tract is reduced in size with respect to other mammals such as cats or rats, it has been shown that after unilateral lesion of the CS tract at the level of the pyramids, the RNm shows a certain degree of functional reorganization that may contribute to the recovery of motor function for the forelimb (Belhaj-Saïf and Cheney, 2000) . However, a lesion of the lateral funiculus at cervical level of the spinal cord will affect both the RS and the CS tracts as in this area the two pathways overlap to some extent, although the RS tract lays slightly more ventrally that the CS tract in the lateral funiculus. Despite the fact that, in the present study, the RS tract was not traced, the analysis of the reconstructed cervical cord hemisections ( Fig. 1) allowed assessment of the degree of completeness of RS tract transection, by expressing the lesion extent as the percentage of the quadrant of white matter going from the dorsal to the ventral rootlet zone. Tracing studies in monkeys have shown that the RS tract is included entirely in this quadrant (Burman et al., 2000b; Holstege et al., 1988) .
Cell bodies selection and analysis: technical considerations
In the monkey the RNm constitutes the caudal third of the entire RN and it is composed of loosely scattered large cells together with a few smaller cells (Ralston and Milroy, 1989) . In individual histological sections large neurons were few and were segregated in small groups among the fibres fascicles of the oculomotor nerve ( Fig. 2A) . SMI-32 labelled neurons were Fig. 3 -A: Histograms of the number of SMI-32 positive cells (with a visible nucleus) counted in the RNm on the contralesional (brown) and ipsilesional (yellow) sides. The first seven animals (red names) were subjected to unilateral cervical cord lesion and subsequently treated with the anti-Nogo-A antibody. The next four animals (blue names) were lesioned and treated with a control antibody. The last four animals (green names) were intact. In these latter animals "contra" and "ipsi" corresponded to the left and right RNm, respectively. The statistical significance of the cell number difference between the RNm on the two sides was calculated using the Wilcoxon signed-rank, 1-tailed test. The number of neurons for each histological section of the RNm of both sides throughout the entire extent of the RNm was compared. In three of the lesioned animals this difference was statistically significant (p < 0.05, asterisks). In seven lesioned monkeys the difference was not statistically significant ( p < 0.1 or p = 0.2 in Mk-CG). All the intact animals exhibited a cell number difference that was not statistically significant. For Mk-AS the statistical significance could not be calculated (see Experimental procedures). B: Difference in the number of SMI-32 positive cells calculated in percentage between the two sides of the RNm in the animals shown in the same order as in panel A. Colour codes indicate the different animal groups as in panel A: in red the lesioned animals, treated with the anti-Nogo-A antibody; in blue the lesioned animals treated with a control antibody; in green the intact animals. In Mk-AS, characterized by an incomplete lesion of the RS tract (less than 50%), the difference appeared comparable to the one of the intact monkeys ("green" animals). Beside this animal, the percentage difference in lesioned animals showed a high variability ranging from 17% to 35%. Note that Mk-CG and Mk-AF have also an incomplete lesion of the RS tract (less than 75%, open circles in Fig. 1 ). To statistically evaluate the impact of the anti-Nogo-A or control antibody treatment on the cell number difference between the RNm of the two sides, we compared the values among the three groups of animals. The difference among the two groups of lesioned animals was not statistically significant ( p > 0.05) whereas the difference between each group of lesioned animals and the group of intact animals was statistically significant (p < 0.05). C: The data shown in panel B were plotted against the extent of the lesion of the lateral funiculus calculated in percentage (see Table 2 ). Red squares are for lesioned animals treated with the anti-Nogo-A antibody. Blue circles are for lesioned animals treated with a control antibody. Green triangles are for intact animals. The variability of the values calculated for the lesioned animals appears independent of the fact that the animal was treated with an anti-Nogo-A or a control antibody. Mk-AT is not shown as the lesion extent could not be estimated (see Table 1 and Experimental procedures). The soma areas did not follow a normal distribution and therefore were graphically represented in the form of box and whisker plots, emphasizing the median value. Consequently, the statistical analysis was conducted using a non-parametric unpaired test (see below). In the box and whisker plots, the horizontal black line in the box corresponds to the median value, whereas the top and bottom of the box are for the 75 and 25 percentile values respectively. The top and bottom extremities of the vertical lines on each side of the box are for the 90 and 10 percentile values, respectively. A statistical comparison between the two RNm on each side was conducted for each animal using the non-parametric Mann and Whitney test. All animals of this group exhibited a statistically significant difference of soma area across the two RNm of each side (** = p < 0.001; *** = p < 0.0001). B: Box and whisker plots showing the distribution of somatic cross-sectional areas of SMI-32 positive neurons in lesioned animals treated with a control antibody. For each animal the contralesional (c) and the ipsilesional (i) RNm are shown. Other conventions are as in panel A. All animals of this group showed a statistically significant difference of soma area across the two RNm on each side (* = p < 0.01; *** = p < 0.0001). C: Box and whisker plots showing the distribution of somatic cross-sectional areas of SMI-32 positive neurons in intact animals. The two RNm are indicated here as right (r) and left (l). As expected, the comparisons of cross sectional areas between the RNm on each side did not show any statistically significant difference (n.s. = p > 0.05). D: The difference, expressed in percentage, between the median values of somatic cross-sectional areas of SMI-32 positive neurons in the contralesional and ipsilesional RNm was plotted against the extent of the lateral funiculus lesion expressed in percentage (see Table 2 ). Red squares are for lesioned animals treated with the anti-Nogo-A antibody. Blue circles are for lesioned animals treated with a control antibody. Green triangles are for intact animals. The variability among values in lesioned animals appears independent of the antibody treatment. Mk-AS which had a rather incomplete lesion (less than 50%) shows a very high (the highest) value of cell surface difference between the two RNm. Mk-CH characterized by a complete lesion has a rather low (but significant, see box plot in B) value of cell surface difference.
rather large (Fig. 2B) and showed a radial spread of relatively large dendrites. This morphology corresponded to the description of monkey RS neurons previously reported (Burman et al., 2000a; Padel et al., 1981) .
The number of SMI-32 positive neurons was estimated in one series of sections over the whole extent of the RNm. Thus, we did not count the absolute number of SMI-32 positive neurons in the RNm. Instead, we compared the relative number of RNm cells counted on both sides of the brain of each animal. Because the number of SMI-32 stained neurons in RNm is relatively low (see Results), we did not use a stereological probe to estimate their number but we counted all visible nuclei of the labelled cells on the analyzed sections. This approach is considered as adequate as all samples were analyzed using the same procedure and the number of cells is low (Benes and Lange, 2001; Geuna, 2000; Lavenex et al., 2000) . In the present case, in addition, the validity of the method is supported a posteriori by the absence of overlap between lesioned and intact monkeys in a large group of animals as well as by the absence of difference between the RNm on both sides in intact monkeys.
Cervical cord (C3) hemisection in rat induced, beside other molecular changes, a reduction of neurofilament mRNA in RS neurons (Tetzlaff et al., 1991) . This is probably also the case in RS neurons in monkey as the labelling on the contralesional side was fainter than on the ipsilesional side. Thus it might be possible that the SMI-32 antibody would not label some neurons because the expression of the epitope recognized is strongly reduced. However, when we compared Nissl labelled sections of the RNm of lesioned animals to adjacent sections labelled with SMI-32, the numbers of cells found in RNm were comparable (Table 2) .
Cell number
Counts of RNm cells on both sides showed inter-individual and methodological variability, as shown for intact monkeys (Figs. 3A, B "green" group) where the percentage difference between the two sides ranged from −3.3% to 25.8% but it was not statistically significant. In lesioned monkeys the difference in the number of SMI-32 positive cells detected in the contralesional and ipsilesional sides was statistically significant in three monkeys (Fig. 3A , p< 0.05, asterisk). In the other monkeys the difference was not significant ( p>0.05), but as the statistical analysis was done on a relatively small number of data points (cells counted in each section, especially in Mk-CB and Mk-CG), these values indicate a tendency towards a difference in cell number between the two RNm. In these 11 animals, the values of percentage cell difference were rather variable, ranging from −8.1% to −52.4%. Interestingly, the two animals having the highest values (Mk-CS, −51.2% and Mk-CB, −52.4%) were also the ones having a longer period of survival after the lesion (around 200 days, Table 1 ). Otherwise, the high variability could not be systematically correlated to any other parameter. In the absence of direct evidence of cell death or apoptosis, the question arises as to whether the decrease in the number of SMI-32 positive RNm neurons reported in the present study reflects cell death or rather changes in the phenotype of axotomized RS neurons which then impairs their detection. In the adult rat, some reports have suggested that SCI leads to the death of a sizable proportion of RS neurons (Houle and Ye, 1999; Mori et al., 1997; Novikova et al., 2000) , while some other reports have brought evidence that the axotomized RS shrink but survive in an atrophic state (Kwon et al., 2002; Prendergast and Stelzner, 1976) . These discrepancies of interpretation may result from methodological differences; in particular they may reflect the inherent difficulty to detect shrunken neurons. In the case of the monkey, chromatolytic RNm neurons have been observed after SCI, a feature that is consistent with cell death (Bodian, 1946; Padel et al., 1981) . Moreover, in investigations of the fate of CS neurons using the same material as in the present report, we observed that CS neurons can be detected on SMI-32 stained material despite their axotomy induced atrophy and phenotype changes (Beaud et al., 2006; Wannier et al., 2005) . These observations suggest that the method was adequate to reveal atrophic neurons and hence that in the primate, some RS neurons die in consequence of an axotomy at the level of the cervical spinal cord. This would in turn indicate that RS neurons in different species react differently to axotomy. In the adult opossum, most RS neurons survive SCI, but a limited proportion of RS neurons consistently disappears, an observation that was interpreted as indicative of limited cell death (Xu and Martin, 1990) . Furthermore, this idea is supported by observations on CS neurons. In the adult rat, SCI leads to apoptosis in MI (Hains et al., 2003; Lee et al., 2004) . However, as mentioned above, in the macaque, the total number of SMI-32 positive cells in layer V of MI remains unchanged , indicating that there occurred no sizeable CS neurons loss. However, there remain space for debate, since after a spinal cord lesion in the macaque, only few apoptotic cells were detected inside the dorsolateral funiculus rostrally to the lesion (Crowe et al., 1997) . This data suggests that the lesion induced at most a limited degeneration of the CS and RS axons, and hence that their cells of origin survive. In view of this data, additional evidence is required to establish the exact fate of axotomized RS neurons in the macaque.
3.4.
Cell size
The measurement of the cross-sectional somatic areas of neurons in the RNm of both sides revealed that in all lesioned animals the contralesional RNm showed a significant reduction in cell size as compared to the ipsilesional side (Fig. 4) . Conversely, in intact animals the cell size difference between the two RNm was not statistically significant. The median values of somatic cross-sectional areas of SMI-32-positive neurons obtained in the four intact monkeys ranged from 601 to 1268 μm 2 , indicating a high inter-individual variability. These values are however in agreement with values previously reported (Burman et al., 2000a; Padel et al., 1981) . In lesioned animals the ipsilesional RNm showed median values ranging between 526 and 1023 μm 2 . These values indicated again a considerable individual variability and were comparable, as expected, to the ones observed in intact animals. In contrast, the contralesional RNm showed lower median values ranging from 413 to 787 μm 2 . The box plot distribution and statistical analysis showed that this difference in somatic cross-sectional area between the RNm of the two sides was significant for all lesioned monkeys (Figs. 4A, B) . In contrast, the percentage difference of median values of somatic cross sectional area between the two RNm on each side ranged from 1.1% to −9.4% in intact animals and none was statistically significant. The relationship between the values of cross-sectional area difference and the extent of the lesion was not straightforward. For instance, the lowest percentage difference of somatic cross-sectional area (−13.6%, Mk-CH) was found in an animal with complete transection of the RS/CS tracts, whereas in this animal the cell number difference between the two RNm was relatively high (−35.3%). In general, the poor correlation with parameters such as lesion extent and survival time is due to an individual variability, representing a major aspect of the impact of axotomy at cervical level. This variability is also reflected in the literature by the divergent results reported with respect to cell death and cell body shrinkage.
3.5.
Anti-Nogo-A antibody treatment
Anti-Nogo-A antibody treatment applied at the level of the spinal cord lesion did influence neither the number nor crosssectional-somatic area of SMI positive neurons in the contralesional RNm. In other words, the treatment did not have a measurable impact on RS cell body survival or maintenance. Such a protective effect may have been expected as an indirect consequence of the increased number of synaptic boutons which is associated with the sprouting and/or regeneration which is commonly induced by the neutralization of Nogo-A. Indeed, new synapses could provide additional sources of neurotrophic substances and thus help neurons to respond to the damaging effects of axotomy. As no study has yet investigated whether the neutralization of Nogo-A promotes sprouting and/or regeneration of RS neurons in the nonhuman primate, the question remains as to whether the absence of effects reported here indicates that these neurons do not generate new synapses in response to the treatment. This view is however rather unlikely, because no effect on the number or volume of SMI-32 neurons was observed for axotomized CS neurons (Beaud et al., 2006) . For these neurons, the mechanisms mentioned above should have then entered in action, as the neutralization of Nogo-A has been shown to promote CS axonal sprouting after cervical spinal cord lesion in rats (Bregman et al., 1995; Liebscher et al., 2005; Schwab, 2004) , marmoset monkeys (Fouad et al., 2004) and macaque monkeys (Freund et al., , 2007 . Nevertheless, the issue of whether anti-Nogo-A antibody treatment enhances sprouting of the RS tract in non-human primates remains an open question that will require future attention.
Experimental procedures .
All animals included in the present study belong to a long-term research project on spinal cord lesion from which post-lesion changes in the CS system were described earlier (Freund et al., , 2007 Schmidlin et al., 2005 Schmidlin et al., , 2004 Wannier et al., 2005) . To assess the number of RS neurons in this model, midbrain sections including the red nucleus were obtained from 15 adult (3-8 years old) macaque monkeys (Macaca mulatta or Macaca fascicularis). All experiments were conducted in accordance with the Guide for the care and Use of Laboratory animals (ISBN 0-309-05377-3; 1996) and approved by the local (Swiss) veterinary authority. Following an initial period of 2-3 months during which the animals were trained to perform several manual dexterity tasks until they reached a stable level of performance, 11 of these 15 monkeys were subjected to section of the cervical spinal cord. The lesion consisted of a unilateral transection performed at the C7/C8 border. The manual dexterity performances were assessed for several months post-lesion, until the animals reached a plateau reflecting a stable level of manual dexterity. The behavioural, electrophysiological and neuroanatomical tracing data related to the CS tract derived from these animals were described in previous reports (Freund et al., , 2007 Schmidlin et al., 2005 Schmidlin et al., , 2004 Wannier et al., 2005) . The present report is focussed on anatomical aspects dealing specifically with the issue of fate of RS neurons after unilateral cervical section. Therefore, only the methods relevant to this specific issue will be described in detail below. In addition, the anatomical data derived from the 11 lesioned monkeys were compared with data derived from 4 intact monkeys.
Surgical procedures
The surgical procedures for the unilateral spinal cord lesion at C7/C8 level have been described in detail in previous reports; (Freund et al., , 2007 Schmidlin et al., 2004; Wannier et al., 2005) . Briefly, the animal was anesthetized by intramuscular (i.m.) injection of ketamine (Ketalar®; Parke-Davis, 5 mg/kg, i.m.). Before surgery, atropine was injected i.m. (0.05 mg/kg) to reduce bronchial secretions and the animal was treated with the analgesic Carprofen (Rymadil®, 4 mg/kg, s.c.). To assure and monitor deep anesthesia, a catheter was placed in the femoral vein for continuous perfusion with a mixture of propofol 1% (Fresenius®) and a 4% glucose solution (1 volume of Propofol and 2 volumes of glucose solution). The animal was placed in a ventral decubitus position, with his head kept in a flexed position ventrally to expose the posterior cervical region. Under sterile conditions, a complete C6 laminectomy and an upper C7 hemi-laminectomy were performed to expose the spinal cord. Next, the dura mater was incised longitudinally. To perform the unilateral section of the spinal cord at the C7/C8 border, the dorsal root entry zone, identified under the microscope, was taken as the most medial landmark. From this target, a surgical blade (no 11, Paragon®) was inserted 4 mm in depth perpendicularly to the spinal cord, and the section was prolonged laterally to completely transect the dorsolateral funiculus. The rostro-caudal levels were the dorsal rootlets entering respectively the 7th and the 8th cervical spinal segments. This region corresponds to the rostral zone of the spinal portion covered by the 6th cervical lamina. The muscles and the skin were sutured and the animal recovered from anaesthesia in about half of an hour. After the spinal lesion, the animal was kept alone in a separate cage for a few days, to allow best conditions for recovery. Then, the usual housing in groups with other monkeys was restored. To assess the effect of a regenerative treatment, an osmotic pump (Alzet®, 2ML2, flow: 5 μl/h) delivering either a monoclonal mouse IgG or an antibody neutralizing Nogo-A was inserted subcutaneously between the shoulder blades and changed once after 2 weeks. In order to deliver the antibody in close proximity of the lesion, the free tip of a polyethylene tube attached to the pump was fixed under the dura few mm rostrally to the cervical lesion.
Anti-Nogo-A antibodies
Two monoclonal antibodies (mAbs) against different sites of Nogo-A were employed: the mouse mAb 11C7 was raised against a 18 amino acid sequence of rat Nogo-A (aa623-640) close to the most inhibitory region of the Nogo-A protein (Oertle et al., 2003) . The second antibody used, mAb hNogo-A recognized the Nogo-A specific region of the human Nogo-A sequence. Both antibodies identify primate Nogo-A monospecifically on Western blots (Freund et al., , 2007 Oertle et al., 2003; Weinmann et al., 2006) . The antibodies were purified as IgGs and concentrated to 3.7-10 mg/ml in PBS (Freund et al., 2007) .
Control antibodies
Purified IgG of a mouse mAb directed against wheat auxin (AMS Biotechnology, Oxon/UK) was used as control antibody (concentration: 3.7-10 mg/ml).
Histology
Monkeys were sacrificed at different time points (days) postlesion (Table 1) . For sacrifice, the animal was first sedated with ketamine and subsequently deeply anaesthetized by an intraperitoneal injection of a lethal dose of pentobarbital (90 mg/kg). Monkeys were perfused transcardially with 0.4 l of 0.9% saline, followed by 4 l of fixative (4% solution of paraformaldehyde in 0.1 M phosphate buffer, pH = 7.6). This fixative was followed by 3 solutions of sucrose of increasing concentration (10% in fixative, 20% and 30% in phosphate buffer) to prepare the tissue for cryoprotection. For this purpose, after dissection the brain and the spinal cord were additionally stored in a 30% sucrose solution for 1-2 days. Frozen sections of the brain comprising both sides of the midbrain at the level of the RN were cut in the coronal plane at a thickness of 50 μm. The sections were distributed into eight series. The lesion site was reconstructed from camera lucida drawings of individual paralongitudinal consecutive Nissl-stained sections of the cervical spinal cord. The drawings were then aligned to allow reconstruction of the location and extent of the lesion on a transverse view of the spinal cord (Fig. 1) , as previously described (Schmidlin et al., 2004; Wannier et al., 2005) . In one monkey (Mk-AT, Table 1 ) the size of the lesion could not be estimated due to poor quality of the spinal cord tissue after histological processing. A series of brain sections was stained immunocytochemically with a monoclonal SMI-32 antibody (Sternberger Monoclonals, Covance Antibodies, USA). The epitope recognized by the SMI-32 antibody lies on non-phosphorylated regions of the neurofilament protein and is only expressed by particular categories of neurons (Campbell and Morrison, 1989; Tsang et al., 2000) . Standard immunohistochemical procedures were used as previously described . Comparison of adjacent series of sections stained either for Nissl or with the SMI-32 antibody indicated that virtually all neurons in the RNm were labelled by this antibody (see Results). As the brain was cut into 8 series (see above), sections stained with the SMI-32 antibody and including entire rostro-caudal extent of the RNm were usually six to nine. For every animal, all sections were included in the analysis.
To evaluate the effect of the lesion on RS neurons, we analysed the series of coronal sections stained for SMI-32 through the midbrain and we identified the position and the extent of the RNm close to the roots of the oculomotor cranial nerve ( Fig. 2A) (Paxinos et al., 2000) . Well stained SMI-32 positive RNm cells were easily identifiable even using low magnification (×40). In lesioned animals, RNm neurons on the contralesional side were smaller and somewhat more faintly stained than ipsilaterally, and therefore some of them may have escaped detection at low magnification. To circumvent the problem, the quantitative analysis was conducted at higher magnification (×400) for better discrimination. The number of SMI-32 stained RNm cells and the projected surface of their cell body was obtained from digitized photomicrographs using appropriate software (Neurolucida®). The neurons included in this analysis were SMI-32 positive and had a visible nucleus (Fig. 2B) . The possibility of sampling the RNm neurons as required by stereological methods appeared not applicable here as the number of neurons responding to the criteria listed above was relatively small. Instead, all RNm neurons filling the above criteria were counted on each individual section. In addition, our aim was not to establish the absolute total number of cells in the RNm but to compare the number and size of neurons in the RNm on each side. This method was shown to be reliable in the motor cortex for the CS neurons . Furthermore, in six animals (data not shown) the cross-sectional area of the nucleus of all neurons included in the counting was calculated. The derived maximal value of the diameter ranged from 8.5 to 20.8 μm. These values were far below the section thickness of 50 μm. Thus, the possibility of introducing significant counting errors by including fractions of the cells is unlikely. Only the soma without the numerous dendritic ramifications was underlined to determine the cell body cross-sectional area. Because of the presence of large dendritic ramifications (Fig. 2B ) the cell body contour was in some cases difficult to delineate. Therefore, we considered that, along these large processes, the soma ended at a distance of 20 μm from the nucleus, thus corresponding to the same procedure as used for CS neurons . For comparison, brain sections from four intact animals, which had been included in previous tracing studies , were used as control material for the SMI-32 analysis of RNm neurons. Counts of SMI-32 positive RNm neurons and measurements of their somatic cross-sectional area were performed for each monkey on both right and left brain side on coronal sections, separated by 400 μm each. The rostrocaudal dimensions of the RNm thus analysed was consistent with the calculated dimensions of the RNm as derived from the atlas of the macaque brain (Paxinos et al., 2000) . Each section comprised both the right and left side of the brain (except for Mk-AS). When cutting the midbrain, care was taken to position the bloc parallel to the coronal plane so that for each section the two RNm were at a similar level. As shown already for the cerebral cortex , although the sections shrank to some degree, the shrinkage was very similar for the two brain sides on a given section. In other words, cell counts and somatic cross-sectional area measurements were performed on brain halves of comparable thickness for each section analyzed. Consequently, the quantitative comparisons regarding the number of RNm neurons and their somatic crosssectional area have been conducted on comparable volumes of tissue in RNm. Data were then analysed with the SPSS software for statistical evaluation of the significance of cell number difference and cross-sectional area difference between the RNm neurons on the two sides of midbrain. Statistical analysis on the cell number was conducted by comparing the number of cells in each histological section and on the RNm of each brain side. The data obtained were analysed by means of the Wilcoxon signedrank, 1-tailed test. In one monkey (Mk-AS) this analysis could not be performed as the two brain sides were processed separately and it was not possible to compare equivalent levels of the RNm for each side. The statistical analysis concerning the cross sectional somatic area was performed by using the nonparametric Mann and Whitney test (see Results).
